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Integrated wind-photovoltaic (PV) based standalone electric power supply 
systems are widely used for various applications. A battery storage system is 
needed to provide continuous power supply to loads despite changes in 
loads, wind speed, and solar irradiance. Power quality is crucial in these 
hybrid systems, as the battery needs to charge from surplus power when 
generation exceeds the load and discharge to meet load demand. 
A bidirectional DC to DC converter is used to connect the battery to the 
network, and maximum power point tracking devices with proper algorithms 
are incorporated for optimal utilization of PV and wind turbines. Multiple 
PV systems and wind turbines are considered for proper power supply 
system ratings. Long short-term memory (LSTM) based artificial neural 
network (ANN) controllers are implemented for various control units in the 
hybrid standalone power system. The proposed control techniques improve 
power quality under various situations. Results are presented using 


MATLAB/Simulink to evaluate the performance of the proposed method. 
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1. INTRODUCTION 

Renewable energy sources powered standalone power supply systems are increasing day by day to 
reduce pollution [1]-[3]. Integrating of a greater number of renewable sources can make system more 
reliable. Generation of electricity from wind and solar energy is the best procedure to make eco-friendly 
nature. Generally photovoltaic (PV) modules are required for converting solar energy into electricity and 
wind turbines are used to produce mechanical power from wind velocity. Permanent magnet synchronous 
generators (PMSGs) are using to convert this mechanical force to electrical power in medium power 
applications. Hence, a locally placed hybrid PV-wind energy based standalone power supply system is more 
popular worldwide [4], [5]. Even the integration of PMSG based wind and PV systems can make system 
more reliable but energy storage system must be used in standalone systems to maintain power balance as 
well as to supply stable power to consumers under variations in wind speed, solar irradiance, and load [4], 
[5]. Despite the fact that there are numerous energy storage devices, batteries are the best since they respond 
quickly throughout the charging and discharging processes [4]. Therefore, a battery bank is considered in this 
paper to make system more reliable and stable during various operating conditions. Further a DC-to-DC 
bidirectional converter is used to maintain changing and discharging process of the battery depending on 
power difference between generation and load. 
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Generally maximum power point tracking (MPPT) converters along with proper algorithms needs to 
be used on both wind turbines and PV panels to achieve their best utilizations [5]-[7]. Hence, boost 
converters are integrated at appropriate places in the hybrid standalone power generation system to use as 
MPPT converters. The energy balance between generation and load is achieved by regulating voltage at DC- 
link through the bidirectional DC to DC converter. An inverter with proper controlling mechanism is required 
to operate AC loads from DC-link. Moreover, single phase loads are operating in distribution system which 
leads unbalanced voltages at three phase terminals [4]-[7]. Available surplus power will be dumped into 
batteries; hence the battery voltage should be maintained less than the voltage at DC-link for making fastest 
charging process. Similar way, battery bank needs to be discharge for satisfying deficiency of power from 
generation when connected more load. Therefore, a boost operation is required while discharging the battery. 

Variations in voltage at DC-link can be reflected from power difference between generation and 
load [7]. Therefore, the control of bidirectional DC to DC converter is designed to maintain power balance by 
compensating the power difference through battery. The inverter can able to regulate voltage at AC bus once 
maintained stable voltage at DC-link. However, always consumers required quality power from supply, 
hence proper control of inverter is required to provide quality supply at load bus. A stable AC voltage needs 
to be maintained at point of common coupling (PCC) under unbalanced load, sudden changes in the load and 
random changes of irradiance as well as wind velocity. 

Generally conventional proportional-integral (PI) controllers cannot perform well during rapid 
changes in the power system due to design them with fixed gains. Hence, artificial neural network (ANN) 
based controllers needs to be adopted while designing the control techniques for converters used in the 
standalone system. However, long short-term memory (LSTM) based ANN system can provide better 
response with less time during unknown interference signals. Therefore, LSTM based deep learning 
algorithm is developed while designing ANN controllers for controlling techniques for various converters in 
this paper. The designed ANN controllers are adopted in controlling techniques to regulate both the voltages 
at DC-link as well as AC bus. 

Further organization of this paper is arranged by: i) Providing system description in section 2; 
ii) Proposed control schemes by using LSTM based ANN controllers are explained in section 3; iii) In 
section 4, many findings are displayed with the aid of the MATLAB software; and iv) Section 5 contains the 
conclusion, which is condensed with system ratings. 


2. SYSTEM DESCRIPTION 

A single wind system and a single PV array are not sufficient to produce required power with stable 
voltage for long term. Number of PV modules needs to be arranged in the combination of series and parallel 
to maintain sufficient voltage and power rating of the PV system. Each wind turbine is employed with PMSG 
system to generate electricity. A diode rectifier is used to converter power generated from PMSG to DC 
power. A boost converter with proper controlling algorithm is associated after diode rectifier to connect the 
wind system to common DC-link. Numbers of wind systems are considered based on requirement of power 
rating. Parameters of a single wind system as well as PV module are provided in Table 1. Every PV group 
consists of their own MPPT device to obtain more energy. Similar to this, each wind system has its own 
MPPT converters embedded into it. A bidirectional DC to DC converter connects the battery bank to DC-link 
in order to keep the voltage there stable. Since each MPPT converter is uniquely connected to the DC-link 
using its own control method. Therefore, all MPPT devices are working for extract maximum energy 
irrespective of wind velocity and solar irradiance. This situation can give a chance to DC-to-DC bidirectional 
convert for regulating voltage at DC-link. 

The DC power is converted to AC power for AC load through an inverter and filter is also 
considered between inverter and load bus. Combination of single, three phase loads with the nature of 
nonlinear are usually operated at AC bus [7]. Therefore, a four-wire system is considered in this paper to 
satisfy various loads. Figure | depicts the model configuration of a freestanding hybrid PV-wind-battery- 
based power supply system [8]-[10]. The implementation of modelling for wind turbines, PMSGs, batteries, 
PV modules, and filters is found [11]-[13]. Numerous researchers have proposed and carried out similar 
types of research in a variety of settings; only a handful of them are covered in this section. A hybrid PV, 
wind, and battery based standalone power supply system is implemented by Malla et al. [1]. Habib et al. [3] 
implement the ideal site for a system of energy management. Pradhan ef al. [4] created a brand-new MPPT 
approach that allows PV systems to function in hybrid standalone power supply systems with partial shade. 

Malla et al. [12] presented a freestanding PV-based power system but did not take wind power into 
consideration. Although Takagi-Sugeno (TS)-fuzzy based controller for PV-diesel-battery system hybrid 
system was proposed by Malla and Bhende [8], there is a diesel generator that is harmful to the environment. 
Bhagiya and Patel [13] created a double loop PI controller for a freestanding PV-based DC to DC converter. 
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Manisha et al. [14] propose a comparative analysis on nonlinear controller in PV-based standalone system. 
However, authors are not considered multiple power generations systems to establish common DC-link and 
also not implemented LSTM based ANN controllers. In general, nonlinear loads are connected to PCCs, 
which might introduce harmonics into other loads. In order to lessen the impact of nonlinear loads, active 
power filters and DSTATCOMs are required [15], [16]. Narayanan et al. [17] create a smart grid while taking 
into account a variety of renewable energy sources. 
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Figure 1. PV-wind-battery based standalone power supply system 


3. CONTROL OF VOLTAGE AT DC-LINK AND INVERTER 

Due to non-uniform of irradiances are received by PV groups, the converters for MPPTs cannot 
produce same voltage at output terminals. In the similar manner, all wind turbines cannot operate at same 
wind speed. Hence boost converter type MPPT converters can help to make common DC-link by connecting 
all MPPTs. However, the voltage at DC-link will be controlled by DC to DC converter by managing charging 
and discharging process of the batteries. Generally, ANN based controllers can exhibit superior performance 
than PI controllers during rapid changes in the system. Hence, LSTM based ANN controllers are designed in 
this paper to use in control schemes of voltages at both DC and AC bus. Further a deep learning algorithm is 
introduced to update all weights of the ANN controllers. The LSTM designed model is depicted in Figure 2. 
The complete design of LSTM based ANN controller is shown in Figure 3. 
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Figure 2. LSTM layout with memory cell Figure 3. LSTM based ANN controller 


The equations of the parameters a;, f;, O;, C;, s¢ and h, finding by using the (1)-(6). Major loads 
operated at AC bus are single phase consumptions as well as nonlinear in nature. These kinds of loads will 
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create unbalance in three phases as well as impose ‘2m’ frequency oscillations into the voltage at DC-link [17]. 
These oscillations will create shaking affect in wind turbines as well as can causes to produce heat at the 
terminals across PV panels. Hence, in order to minimize the effect from oscillations in DC-link, the DC-link 
control method is proposed in such a manner that those oscillations should be circulated through DC to DC 
converter and battery [18]. He proposed control method of the DC to DC converter is presented in Figure 4 [19]. 


At = O(bg +hy_y X Wan + Xt X Wax) (1) 
fe = o(bp + hy-1 X Wen + Xt X Wex) (2) 
Op = O(Do + Ape X Won + Xt X Wox) (3) 
C, = tanh( be + hey X Wen + Xt X Wey) (4) 
5 =—.0s.4 f1-%G (5) 
hy = tanh(s,) ® O, (6) 


Variations will occur in DC-link when there is mismatch between generation power and load power 
[20], [21]. Based on this principal, the control scheme of DC-to-DC converter is developed by considering 
constant reference signal of DC-link voltage [22]. In Figure 4, the error signal between voltage at DC-link 
and its references is given to LSTM based ANN controller to generate battery reference current. Oscillating 
component (i.e., ‘2’ oscillations) in voltage at DC-link is obtained by using low pass filter (LPF) and 
compared with zero to suppress it from DC-link through proposed controller. The reference battery current is 
further compared with actual battery current to generate required pulses through hysteresis loop. Therefore, 
the proposed control method is help to circulate ‘2a’ component through DC to DC converter. Further, the 
state of charge (SOC) is included in the design of control scheme to protect the battery from over charging 
and discharging. An inverter with proper control scheme is required to convert DC to AC [23]. The 
modulation index of the PWM can be decided the output voltage of the inverter once stabilized the voltage at 
DC-link. LSTM-ANN controllers based proposed control scheme is depicted in Figure 5 [18]. The frequency 
should be maintained in standalone system. Significant variations in active power mismatch can reflect on 
frequency of the AC output. As a result, the LSTM-ANN controller generates the reference component of the 
direct axis current using the frequency error signal from its reference [24]. Similarly, the root mean square 
(RMS) voltage is also compared to its reference for generating reactive component of current [25]. Required 
signals for switches are generating through a space vector pulse width modulation (SVPWM) process as 
depicted in Figure 6. 
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Figure 5. LSTM-ANN controller based proposed control scheme for inverter 
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Vo,7~ [Null] 

Vi~ [0<0<60]=(Qi4.6) 
V2~ [60<0<120]=(Qi 3.6) 
V3~ [120<0<180]=(Q> 36) 


Vs~ [240<0<300]=(Qo4.5) 
Vo~ [300<0<360]=(Qi.45) 


Figure 6. SVPWM technique 


4. RESULTS AND DISCUSSION 

MATLAB package is generally used to simulate power system models which can exhibits similar 
performance of real time systems. The PV system is modeled y connecting number of modules in the 
combination of series and parallel with the help of basic mathematical modeling. Similarly, 100 wind 
systems are considered to present the results in this section. Major components are collected from Simulink 
library functional blocks. The system is designed in discrete mode version with sample time of 20e-6. 
Various scopes are connected to obtain corresponding results. The designed model in MATLAB/Simulink is 
results obtained from the model are listed in below case studies. 


4.1. Case-1: Performance under changes in generation and load 

Total power of all PV systems is added to represent a single PV power while presenting the results. 
Similarly, total power of all wind systems is represented by wind power. Changes in powers of PV and Wind 
systems are reported in Figure 7(a) along with changes of power demanded by loads at AC bus.According to 
power mismatch between load and total generation, battery bank will act as compensator to maintain power 
balance in the system. Negative power of battery represents the process of charging and positive indicates the 
discharging action of the battery to make counter compensation towards load. Figure 7(b) illustrates the 
corresponding voltage across the dc-terminals (i.e., DC-link) that the battery can control. Due to variations in 
the load power, there are significant dips and spikes in voltage at DC-link; however, these are relatively 
nominal in comparison to its reference (i.e., 720 V). Under this scenario, respective RMS voltages of 3-phase 
is depicted in Figure 7(c). The stable responses are obtained by proposed control methods by using LSTM- 
ANN. However, instantaneous currents can give more realistic picture for the performance of the proposed 
control methods, hence 3-phase instantaneous load currents are provided in Figure 8. 


4.2. Case-2: Performance under operation of unbalanced load 

Most of the loads operated in home which are connected in distribution system are single phase. 
Hence it will lead unbalanced load operation in three phase power supply system. Due this issue, voltages at 
AC bus become unbalanced. The profile of three phase unbalanced load which is considered in this case is 
depicted in Figure 9(a). The worst scenario of load profile is considered to test the performance of proposed 
inverter controller in this case. The proposed control of inverter needs to be maintained constant three phase 
voltages at load bus to improve power quality. Corresponding phase RMS voltages at AC bus are shown in 
Figure 9(b). During sudden changes at load bus reflected sudden changes in load current slightly and 
becoming constant at its reference voltage (231 V). 

If the Table 1 is the details about parameters of 0.5MW PV system. Table 2 show the parameters of 
two mass drive train (parameters of single wind-PMSG system) [19]-[20]. Table 3 show the parameters of 
PMSG system. By considering proper rating of voltage and power, the ratings of batteries are designed and 
the numerical calculations are given for a simple example in this section. The operating time period for 
discharging of the battery is considered as primary aspect to identify the rating f battery. In this paper, 
considered 480.0 V of battery bank and designed it for backup of 72.0 hours with an average load of 0.5 MW 
at PCC. The current rating (Ah) of batteries is estimated from below expression at 0.6 SoC. 


_ 5,00,000 x 72 _ seta 
bat “480 X0.6 


Tablel. Parameters of 0.5 MW PV system 


S.No Parameter(s) Rating S.No Parameter(s) Rating 
1 Current when short-circuit 8.01 A Combinations for series and parallel of 0.5 MW 
2 Open-circuit terminal voltage 36.9V 5 ‘N’ in string 21 
3 Voltage at MPP (Vinpp) 30.3V 6 ‘M’ in group vf 
4 Current at Vinpp TIOA 7 ‘X’ in PV system 16 
Table 2. Parameters of two mass drive train Table 3. Parameters of PMSG system 
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S.No Parameter(s) Parameter(s) Ratings Parameter(s) Ratings 
HA, 4s Number of poles 10 Stator inductance (L,) 8.4 mH 
Hy 0.1, Rated speed 153 rad/s Rated torque 40 Nm 
Ku 0.3 p.u./el.rad Armature resistance (R;) 0.425 Q Rated power 6.4 kW 
dD, 0.7 p.u.s/el.rad Magnetic flux linkage 0.433 Wb 


700) 


690 
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23 


Voltage (V) 


Time (8) 
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Figure 7. Performance under changes in generation and load: (a) various powers, (b) voltage at DC-link, and 
(c) phase-RMS voltages 
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Figure 8. Instantaneous load bus currents 
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Figure 9. Performance under operation of unbalanced load: (a) current in unbalanced and 
(b) balanced RMS-phase voltages 


5. CONCLUSION 

LSTM based ANN controllers are designed for control methods of DC to DC converter and inverter 
in hybrid renewable energy sources powered standalone power supply system. The battery controller is 
designed to maintain power balanced between total generation and load. Novel inverter control scheme is 
developed to maintain constant voltage at AC bus during all possible conditions including variations in load, 
solar irradiance, and wind speed. Wind system, PV, and battery are integrated to supply reliable and stable at 
load bus. To achieve the realistic responses of the proposed control methods, hardware in the loop (HIL) is 
implemented with help of OPAL-RT modules. A balanced three phase voltages can maintain at load bus under 
the operation of unbalanced load by using proposed inverter control. The significant power quality is improved 
by proposed control schemes of inverter and DC to DC converter during all possible operating conditions. 
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